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Abstract

In this article we present a set of computational tools for systematic characterization of ordered and disordered porous materials. These tools include calculation of the accessible surface area and geometric pore size distribution, analysis of the structure connectivity and percolation analysis of the porous space. We briefly discuss the algorithms behind these calculations. To demonstrate the capabilities of the tools and the type of insights that can be gained from their application we consider a series of case studies. These case studies include small molecular fragments, several crystalline metal-organic materials, and variants of these materials with induced defects and disorder in their structure. The simulation package is available upon request.
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1. Introduction

Adsorption behaviour of porous materials is a function of their microstructural characteristics, such as the surface area, types of pores present in the material, topology of the porous network and the available pore volume. Characterization of porous materials is therefore important in the development of adsorption applications, in design of new porous materials with tailored functionalities and for systematic comparison of porous materials to each other. Traditionally, physical adsorption isotherms of nitrogen at 77K and argon at 87K have been used for porous material characterization. This requires a link between the experimentally measured isotherms and the specific characteristics of the material. Classical theories such as Brunauer- Emmett-Teller (BET) method for the surface area of the material and Barrett-Joiner-Halenda (BJH) and Broekhoff-de Boer (BdB) theories for the pore size distribution provide examples of these links [1]. Typically, these theories require certain assumptions that may or may not be appropriate in application to a particular type of material. For example, the notion of an adsorbed monolayer required by the BET theory in order to assess the surface area is clearly not applicable to the materials with narrow pores and complex energy landscapes. The BJH and BdB theories of pore size distribution are based on a description of a porous material as a collection of cylindrical or slit pores. This assumption is reasonable for activated carbons, nanotubes, and some types of mesoporous molecular sieves. However, it is not appropriate for zeolites, metal organic frameworks, polymers and other materials. Finally, the topology of the porous network (i.e. how different pores are connected to each other and what type of constrictions and pathways they form) is an important property for the application of porous materials in separations. Hysteresis effects, observed in certain types of adsorption isotherms, are also linked to the porous network topology. Recently, several approaches emerged that establish a relation between the complex pore morphology and the hysteresis phenomena [2,3]. However, methods for systematic extraction of this information from the adsorption isotherms still require further development.
Molecular simulations offer an alternative perspective. In molecular simulations adsorption isotherms in a model porous material are calculated using grand canonical or other, more advanced Monte Carlo methods.  For zeolites, metal-organic frameworks and other crystalline materials, construction of the model of a porous material is straightforward as it simply corresponds to its crystal structure. In this case, deviation of the simulated isotherms from those measured in experiments may either indicate deficiencies of the available molecular forcefield or deviation of the material sample under consideration from the ideal crystalline structure due to the presence of defects. The situation is more complex in the case of non-crystalline materials. Some materials, such as MCM-41 and other mesoporous molecular sieves, although not being crystalline, have regular, ordered structure that can be described within a cylindrical pore model. Slit pore models have been used in application to activated carbons. Other materials, such as silica xerogels, Vycor glasses, porous polymers, as well as a more accurate description of mesoporous molecular sieves and activated carbons, require construction of a model that captures structural disorder of the material. This can be achieved in a simulation that mimics the actual process of material formation (for example, spinodal decomposition in case of Vycor glasses, or molecular imprinting process in case of some classes of polymers), guides the evolution of the model structure towards some target properties, including adsorption behaviour, or via a combination of both strategies. Deviation of the simulated adsorption isotherm in these model porous structures from the experimentally measured data typically points to the inadequacies of the constructed model. As a result, simulation studies of adsorption in complex porous materials are often limited to qualitative insights. 
Regardless the method of construction, structure of a porous material is specified explicitly in molecular simulations and it is important to develop a consistent system of characteristics to describe this structure. A possibility of adapting some of the geometric structure characterization tools available in the field of stereology (used, for example, in the interpretation of scanning electron micrograph images of materials) was recognized by Gelb and Gubbins in application to the controlled porous glasses [4-6]. The key property from which all other structural characteristics can be derived is the notion of the molecular surface. A region of the porous space accessible to the centre of the probe particle is enclosed within the accessible molecular surface. This definition introduces the accessible surface area property of the materials. On the other hand, a region of the porous space accessible to any part of the probe molecule (not only to its centre), is enclosed by the Connolly surface (or the re-entrant surface) and it is this definition of the molecular surface that is employed in the construction of the geometric pore size distribution. Other characteristics introduced by Gelb and Gubbins include chord distribution, surface energy distribution and volume energy distribution and we refer the reader to the original publications for a complete description of these characteristics [4,5]. In application to the metal-organic frameworks (MOFs) and imprinted polymers, these characteristics have been employed by Düren et al [7]and Herdes and Sarkisov [8], respectively. These ideas received further development in a series of recent articles by Do and co-workers[9,10]. Naturally, a question emerges on the correspondence of these computed characteristics to those extracted from the experiments using traditional approaches. In case of porous glasses, Gelb and Gubbins observed a good agreement between the BET and the accessible surface areas and a surprisingly reasonable agreement between the BdB and the geometric pore size distribution, given the type of assumptions involved in the BdB theory [4,5]. Applicability of the BET method to the description of metal organic frameworks has been investigated in detail by Walton et al [11], and by Düren et al [12], and both studies concluded that the agreement between the accessible surface areas and the BET measurement is good, as long as the BET analysis is performed using an appropriate pressure range based on the consistency criteria established by Rouquerol et al [13]. Recently, Bae et al showed that if these criteria are used, the BET and accessible surface area methods are consistent with each other even for ultramicroporous zeolites and MOFs, where, given the assumptions involved in it, the BET theory should not be applicable or accurate [14].  
These recent studies suggest several possible modes in which the simulation structure characterization tools can be used. For example, we can use accessible surface area and the BET measurement to assess whether the actual material sample deviates from the ideal crystalline structure and to what extent. However, a more general route seems to be where the computed characteristics are directly linked to the adsorption performance of the model structures (either through simulations, or through refined statistical mechanical theories) and thus guide the design, development and characterization of new materials.
In this article we describe a package of simulation characterization tools recently developed in our group with fortran 90 programming language. The package is available upon request. In addition to the accessible surface area and geometric pore size distribution codes, we consider two other characteristics. The first characteristic analyses whether the atoms or particles constituting a porous material form a percolated self-sustained network. This tool can be useful in application to systems where formation of the structure of the porous material is modelled via some quasi-chemical reaction process (i.e. polymerization processes modelled using the kinetic Monte Carlo). The second tool considers accessibility and connectivity of the porous space with respect to either a simple spherical or a molecular probe. In separation processes and sensing applications, it is often important to understand whether a molecule of a particular size and shape can permeate through the porous structure and what channels and regions of the porous space are accessible to this molecule or probe. Providing this analysis is the aim of the second tool. 
We briefly describe the algorithms behind the structure characterization tools presented in this work and then provide some case studies to highlight the scope and the applicability of the tools.

2. Computational methods


2.1 Accessible surface area

The accessible surface area is defined as a locus of points, corresponding to the location of the probe particle at the distance σ (collision diameter) from an atom of the adsorbent structure and at least distance σ from all other atoms of the structure. The physical nature of this surface can be easily visualized by considering a probe particle “rolling” over the atoms of the adsorbent as shown in Figure 1 (A). The positions of the centre of the probe particle in this process constitute the accessible area. Calculation of this property, however, does not involve the actual “rolling” of the probe. Instead, we employ a Monte Carlo protocol. In this protocol we sequentially consider each atom of the adsorbent. For each atom we consider a sphere of a diameter , where  is the diameter of the adsorbent atom and is the diameter of the probe. Points on the surface of the sphere are generated at random. A probe particle is placed in each generated point and tested for the overlaps with the other atoms of the structure. The accessible surface area associated with the adsorbent atom i under consideration is then given by:

	(1)

where f is the fraction of points corresponding to no overlaps between the probe and other atoms of the structure. The total accessible area is then given by the sum of individual accessible areas associated with each atom of the adsorbent:

	(2)

This absolute property calculated in Å2 units can be then converted into more useful properties such as accessible surface area per gram of the material or per unit volume. Note, that the collision diameter associated with each atom of the structure will depend both on the diameter of that atom and on the diameter of the probe. The final accessible surface area therefore will depend on the characteristics of the probe particle it is calculated with. Typically, a simple one site model of a nitrogen molecule or a nitrogen atom is used as a probe particle to directly relate the calculated surface areas to those measured in the BET adsorption experiments. Furthermore, one may argue that a more accurate correlation with the BET area can be achieved if the accessible surface calculation is based on the distance corresponding to the potential minimum between the two particles, rather than the collision diameter. If the interactions between the atoms of the structure and the probe are described using the Lennard-Jones potential, this potential minimum is located at the separation distance of  between the two particles. This is the surface area calculated in the recent studies by Düren et al [12] and Furukawa et al [15]. Both options (based on the collision diameter and the locus of the potential minima) are implemented within the program.

2.2 Geometric pore size distribution

The basic idea of the geometric pore size distribution in application to Vycor glasses has been proposed and explored by Gelb and Gubbins [5]. We start with the definition of a pore in the geometric sense. Consider an adsorbent structure, as shown in Figure 1 (B), with the adsorbent atoms shaded grey. Point a belongs to a spherical pore of radius r if this is the largest sphere, containing point a, with no overlaps with the atoms of the structure. In Figure 1 (B) this sphere is schematically depicted as a red dashed circle (the black dashed circle also contains point a, but is not of the largest possible radius). 
To calculate pore size distribution (PSD) the following Monte Carlo procedure is involved. The pore range of interest is divided into small bins. A test point a is randomly placed in the simulation cell and tested for the overlaps with the structure atoms, making sure it is not inside an atom. If no overlaps are observed, in the second round of Monte Carlo procedure the porous space is probed to find the largest sphere that contains point a and does not overlap with the atoms of the structure.  Once the largest sphere has been identified, the value of the bins corresponding to that radius and all the preceding bins (corresponding to all smaller radii) are incremented by one. The normalized bin distribution corresponds to the monotonically decreasing cumulative pore volume function Vp(r), which is the volume of the void space that can be covered by spheres of radius r or smaller. The derivative ­ dVp (r)/dr is the pore size distribution function (PSD) and can be obtained via numerical differentiation of Vp(r).

2.3 Structure connectivity

The objective of this characterization tool is to assess whether a system of particles forms a percolated structure according to some criteria. The system of particles is broadly defined and it can be a system of atoms corresponding to a molecular structure of a particular material under consideration. In this case two atoms belong to the same cluster if they are within a chemical bond distance. Alternatively, the particle in the system may represent some disordered porous morphology as in the models of silica xerogels. In this case two particles belong to the same cluster if they are within a physically meaningful distance d. A simple recursive algorithm is used to calculate the distribution of the clusters in the system given the xyz coordinates of the particles and the mean cluster size S using [16]:

	(3)

where k denotes cluster size (number of particles in the cluster) and  the mean number of clusters of size k, with the latter property directly sampled during the simulation. The program further identifies the largest cluster in the system. The cluster is percolated in dimension m if, in periodic boundary conditions, its size is equal or exceeds the size of the system in that dimension. For example, in Figure 2 (A), we schematically depict a system of particles, where a group of them on the left side of the system forms a percolated cluster in one dimension, whereas the remaining three particles form a disconnected cluster. The cluster is called fully percolated if it is percolated in all three dimensions. In this case the system of particles or atoms forms a fully connected, self-supported network.   

2.4 Pore space accessibility

The objective of this tool is to detect whether the porous network in a material under consideration is fully accessible to a spherical probe of a particular size. First, we define the pore network accessibility. The pore network is accessible to a spherical probe if for this probe a continuous trajectory can be constructed from one face of the simulation cell to the opposite face without overlapping with the particles or atoms of the structure. It is useful to explore this property independently in all three dimensions as some of the materials, such as zeolites and carbon nanotubes, may have pores spanning the structure only in one or two directions. 
To calculate the accessibility of the network to a spherical probe, the simulation cell is spit into a lattice of small cubelets (the side of the cubelet must be smaller than the size of the probe). This is schematically depicted in Figure 2 (B), with the particles of the structure shaded with grey pattern, and the probe particle shown in red. A probe is placed in the centre of each cubelet and tested for the overlaps with the atoms of the structure. If no overlaps are detected, this cubelet is added to the list of the cubelets that can be occupied. These cubelets in Figure 2 (B) are shaded grey. The objective of the second part of the program is to analyze the connectivity and percolation properties of this list of grey cubelets. For this Hoshen-Kopelman cluster labelling algorithm is used [17]. Two grey cubelets belong to the same cluster if they are adjacent in periodic boundary conditions. The program then calculates the properties of the clusters formed by the grey cubelets. It detects the largest cluster, tests whether it forms a continuous path in any of the dimensions and visualizes this path. In Figure 2 (B), it is evident that a group of cubelets in the central part of the system forms a connected path in one dimension of the system, whereas two other clusters on the left side of the system do not span the structure and do not offer a continuous path from one side of the system to the other. This calculation performed for probes of varying sizes provides information on the largest probe that can translocate through the structure. Recently, this approach has been implemented and tested in application to zeolites and MOFs by Haldoupis et al [18, 19].
Here we implemented a variation of this program which provides similar analysis for a rigid, non-spherical molecule as a probe. In this case, it is important to take into consideration that only specific orientations of a probe molecule positioned in the centre of a test cubelet may lead to no overlaps with the atoms of the structure. Thus, to test for this possibility, we perform another cycle of simulations for each cubelet where an orientation of the molecule is selected at random and the overlaps between the atoms of the molecule and atoms of the structure are tested. If, within a certain number of cycles, a configuration is found featuring no overlaps, the cubelet is registered as accessible. Otherwise it is excluded from all other considerations. The pitfalls of this approach are clear. It does not consider the frequency of such favourable orientations and is based on purely geometric considerations. A more accurate approach would consider systematic variation of the molecule orientation, interaction energy between the molecule and the structure as well as the flexibility of the molecule. In other words, this approach should be based on the free energy map of the porous space, and this will be implemented in the near future. 

2.5 Simulation parameters

The interaction parameters for all the atoms considered in this study are taken from the DREIDING forcefield [20]. This makes our observations also consistent with the previous simulation studies on metal-organic materials. Table 1 summarizes collision diameters σ and van der Waals diameters 21/6· σ of the atoms of MOFs.  The probe in application to the surface area calculations is a nitrogen atom of 3.31 Å in collision diameter or of 3.72 Å in van der Waals diameter.  In the calculations of the accessible surface area we use van der Waals diameters, which is consistent with the recent studies by Snurr and co-workers  [14,15]. The collision diameters between the probe molecules and the atoms of the structure are calculated using the arithmetic Berthelot mixing rule. 

3. Results

In this section we consider a series of case studies, highlighting the capabilities of the presented computational tools. In these case studies we will predominantly focus on metal-organic frameworks as model porous materials. Metal organic frameworks (MOFs) are novel crystalline materials that self assemble in solution from a mixture of metal complexes and organic linkers, which provide the building blocks for these materials. Diverse chemistry of building blocks allows one to prepare materials with tailored porous structure for specific applications. Not surprisingly synthesis and design of these materials has been a rapidly expanding area of research in recent years, with several hundreds of articles published on the topic every year [21-23]. Some of these materials feature very large surface areas and pores. At the same time these materials are crystalline. Thus, they provide an excellent case study to demonstrate the capabilities of the tools presented here, including informative visualizations that can be generated with these tools. 

3.1 Case A: Small molecular objects

In the first case study we focus on calculating the surface areas of individual small molecules or molecular fragments. There are two reasons for this. On one hand we are interested in understanding the theoretical limits of the accessible surface areas of various molecular objects. On the other hand, typical synthetic strategies employed in the field of metal-organic frameworks are based on mixing two principal components of the structure: metal complexes, which provide the vertices of the future framework, and organic linkers, which provide the edges of the framework. This offers an opportunity to design materials with structural characteristics, such as pore dimensions, tuned for a specific application simply through the judicious choice of organic linkers. Using the tools developed here, some of the properties of linkers can be screened and assessed as a part of the selection process prior to synthesis of the actual materials. 
Previously, Chae et al considered a graphene sheet of fully disconnected, six-member carbon rings as an example of a hypothetical structure approaching theoretical limits of accessible molecular surface [24]. (This structure can be viewed as a single graphene sheet with some of the carbon-carbon bonds removed, thus leading to a larger surface area). The accessible surface area of a single graphene ring of six carbons calculated in this study is 267 Å2 or 22332 m2/g as probed with the nitrogen atom listed in Table 1. This can be compared to the accessible surface area of a single carbon atom (calculated using simple geometrical formula) 183 Å2, or 91838 m2/g.
Next, we consider 4,4′,4″-[benzene-1,3,5-triyl-tris (ethyne-2,1-diyl)]tribenzoate (BTE) and 4,4′,4″-[benzene-1,3,5-triyl-tris(benzene-4,1-diyl)]tribenzoate (BBC) molecules used as linkers by Furukawa et al in the synthesis of MOF-180 and MOF-200 respectively [15]. We consider these molecules terminated at the carbon atoms of carboxyl groups. These molecules together with the outline of the surface area are shown in Figure 3. In Table 2 we provide the results of the surface area calculations for these two molecules. Note, that although the absolute accessible surface area of BBC unit is larger than that for BTE, BTE provides a larger surface area per gram of the species. 

3.2 Case B: Surface area and pore size distribution in MOFs

Here we consider a series of well known metal organic frameworks, IRMOF-1, 10, 16, based on Zn4O vertices and 1,4-benzenedicarboxylate (BDC), 4,4’-biphenyldicarboxylate (BPDC), 4,4”-terphenyldicarboxylate (TPDC) organic linkers respectively [25]. The linkers differ from each other only by the number of aromatic rings constituting them with 1, 2 and 3 rings respectively for IRMOF-1, 10 and 16. We refer the reader to several publications that consider synthesis, composition, structure and topology of these materials in full detail [22,25].
In addition, we consider three representative cases of more complex MOF materials, specifically MOF-180, 200 and 210. The materials, based on BTE, BBC and BPDC organic linkers, have been reported by Furukawa and co-workers [15]. The non-orthorhombic unit cells of these materials feature a complex network of cages. In addition these materials have record surface areas for porous materials and record low crystal density and thus provide an interesting case study.
Table 3 summarizes the accessible surface areas for six materials, the spherical dimensions of the cages constituting each network (as observed from the pore size distribution calculations) and the maximum size of a spherical probe capable of permeating through the structure. Let us discuss these characteristics in more detail. 
For the surface areas, values in brackets correspond to those previously reported in the literature using earlier variants of the code presented here. Some variation in these values is expected since they are generated from a simulation. As expected, the accessible surface area per gram of the material increases in IRMOF-1, 10, 16 series with the length of the linkers. Schnobrich and co-workers recently considered a hypothetical series of IRMOF materials with up to 12 aromatic rings per linker [26]. They noted that as more aromatic rings are added to the linkers, the value of the accessible surface area of these hypothetical materials approaches that of an infinite poly p-phenylene string, estimated at 10577 m2/g [26]. 
One notable result is for the accessible surface areas of MOF-180 and MOF-200. The surface areas calculated here not only deviate from those reported by Furukawa and co-workers [15], but also follow a different order, with MOF-200 having lower surface area per gram of the material than MOF-180 in this study. We rationalize this result using the analysis presented for the individual linkers in the previous case study. Although the BBC linker has larger absolute surface area than BTE, this value is lower for BBC per gram of the molecule. Since other structural fragments for MOF-180 and MOF-200 are identical, this trend is also followed by the complete networks.
In Figure 4 we plot the calculated pore size distributions for IRMOF-1, 10, 16 and MOF-180, 200, 210. The porous structure of IRMOF-1 can be seen as a system of cubic cages. There are two types of cages, depending on the orientation of the linkers, as shown in the Supplemental Information file. Not surprisingly, the pore size distribution for this material has two sharp peaks each corresponding to a particular cage. These are the values presented in Table 3, in the fifth column, along with the previously reported literature values generated with other versions of the code. Some uncertainty in the crystalline structure of IRMOF-10 implies several possible mutual orientations of organic linkers and here we consider a special case where both rings within the same linker are in the same orientation (see the Supplemental Information file). This also leads to two clearly pronounced peaks. As the linear dimension of the organic linker increases from IRMOF-1 to IRMOF-10, the location of the peaks is shifted toward higher values, and the peaks for the two cages are closer to each other. Finally, IRMOF-16 features three aromatic rings in each linker, with various orientations, thus leading to a single type of cage of about 24.0 Å in diameter.
As MOF-180 and 200 are very similar materials, with a slightly longer linker involved in MOF-200, their pore size distributions are very similar to each other and feature two closely overlapping peaks. In case of MOF-180, these peaks are centred around 14 Å and 15 Å and in case of MOF-200, these peaks are shifted to slightly higher values of 16 Å and 17 Å, respectively. Interestingly, although both of these materials have substantially lower density than IRMOF-1, or IRMOF-10 and are based on longer linkers, the characteristic size of the cages as detected by the spherical probe, are not very different from those for IRMOF-1 and IRMOF-10. This reflects that the shape of the pores in MOF-180 and 200 is not quite spherical.
Finally, MOF-210 exhibits two well defined and separated peaks at 19 Å and 27 Å, as shown in Figure 4 (right panel), which is in agreement with the topology for MOF-210 originally described by Furukawa et al [15].
Analysis of the connectivity of the porous space shows that it is not only the size of the cages and pores that is important for the accessibility of the structure, but also how these pores are connected to each other and what types of constrictions exist between them. For example, from Table 3 it is evident that the largest probe that can pass through IRMOF-1 is significantly smaller in size (7.25 Å) than the largest available pore (15 Å). This restriction is imposed by the size of the windows between two adjacent cages, with the aromatic rings of the linkers obstructing the pathway. Similar trends are observed for other materials in the series (IRMOF-10, 16). As expected, within this series, maximum size of the probe that can permeate through the structure is increasing, reaching about 14.50 Å for IRMOF-16. In the Supplemental Information file we further provide a computer visualization of the porous network accessible to a hard-site benzene molecule in IRMOF-1.
For MOF-180 and 210, the maximum size of the probe to which the network is accessible correlates well with the pore size distribution. In Figure 5 we visualize the pathway accessible to a probe of 12.25 Å in MOF-180. For MOF-210, two different percolation thresholds are observed. In x and y directions of the unit cell, the structure remains open to probes up to 11.25 Å in diameter, however in z direction probes up to 10.75 Å in size can pass through the structure.  

3.3 Case C: Geometric structural characteristics of model MOFs with incomplete coordination

Recently, several synthetic strategies have been developed where synthesis of metal-organic frameworks takes place using more than one type of linker. These strategies can be used where, for example, it is desired to achieve a particular catalytic functionality of a MOF cage [27]. Here we speculate that a similar strategy can be used to obtain MOFs based on two similar organic linkers, but with one of the linkers susceptible to chemical reactions or becoming unstable under certain conditions such as ultraviolet light. Post-synthetic treatment of this material would destroy some of the linkers, leading to incomplete coordination of the metal sites.  Alternatively, it has been speculated that activation of MOFs and removal of solvent molecules coordinated with metal sites may also lead to incomplete coordination of the vertices of the MOF structures [28]. In either case, removal of the linkers should lead to a higher degree of the exposure of metal sites, which is the key property in both hydrogen and CO2 adsorption. It may also lead to materials with larger surface areas. This is a hypothetical scenario, however we use it here to create model porous systems with some interesting topologies.
The idea here is to investigate structural properties of various MOFs as a function of the number of linkers removed. In order to maintain a certain degree of realism in this exercise, we are interested in generating model structures that are fully connected, self-supported and free of disconnected clusters.  In the case of IRMOF-1, 10 and 16 each vertex is coordinated with six bonds. According to the percolation theory, the bond percolation limit of this network is 0.25. In other words, we can remove up to 75% of the linkers for the structure to be still connected and percolated. 
In this study we prepared several model structures for IRMOF-1, 10 and 16 with 25%, 50% and 75% (up to 73% in case of IRMOF-1) of the linkers removed and validated that the structures remain connected and percolated, using the structure connectivity tool presented in this article. In all model structures occasional small disconnected clusters were removed. We also applied similar protocol to MOF-180, 200 and 210 and with 75% of the linkers removed the structures remained percolated. MOF-210 is based on two types of linkers and the percentage of linkers removed is applied equally to each type of the linker. Interestingly, MOF-210 where all BPDC (smaller) linkers are removed remains percolated, whereas if all BTE linkers are removed the structure is not percolated in z direction.
In general, two competing effects are expected as the linkers are removed. On one hand, removing a linker may open access to previously inaccessible regions of the structure, thus increasing the accessible surface area. In addition, as we remove the linkers the material becomes lighter (less dense) and this stirs the trend towards increasing the surface area per gram of the material. On the other hand, the linkers themselves provide the accessible surface area, which is lost upon their removal. If the linkers are small (i.e. they themselves do not provide particularly large surface area), the first two factors would dominate the behaviour. If the linkers are very long, with the large surface area, their removal should lead to the actual loss of the accessible surface area. 
These two types of behaviour are presented in Figure 6. In case of IRMOF materials, based on relatively small linkers, linker removal leads to materials with larger surface areas. The smaller the linker is the more pronounced this effect. For IRMOF-1 it is possible to reach accessible surface areas of ~5000 m2/g at 73% of linkers removed. As we increase the size of the linker this trend becomes less pronounced, however it is still possible to substantially increase the surface area for IRMOF-16 within this protocol.
MOF-180 and 200 are based on very extended linkers and, as expected, their removal, actually, leads to a loss of the accessible surface area. As it has been already discussed, this trend is opposed by the material becoming less dense, and therefore the accessible surface area per gram of the material is not decreasing as rapidly as the absolute surface area. 
MOF-210 is an interesting case, as this material is based on both a small linker (BPDC) and a large linker (BTE). Removal of these linkers in equal proportion leads to an increased surface area. The most significant contribution to this trend comes from the removal of BPDC. The red triangle on the right panel in Figure 6 corresponds to the surface area of the MOF-210 material where all and only BPDC linkers have been removed (or 50% of the total number of linkers of both types). 
The effect of the linker removal on the structural properties of the materials can also be characterized by the pore size distribution method. Here we provide this analysis for just one material, MOF-180, with the results summarized in Figure 7. From this figure, several trends are observed. As expected, removal of the linkers leads to a disordered structure (so the PSD peaks are broader) with pores of larger sizes (the PSD peaks are shifted to the right). The newly forming peaks seem to be grouped around pores of a particular size (18Å, 22.5Å, 35Å). This reflects that in this type of crystalline networks, as we remove the linkers, pores of several discrete types form. 

4. Conclusions
 
In this article we presented a set of computational fortran 90 tools for systematic characterization of ordered and disordered porous materials. These tools include calculation of the accessible surface area and geometric pore size distribution, analysis of the structure connectivity and percolation analysis of the porous space. We also briefly discussed the algorithms behind these calculations. In a series of case studies we applied these tools to small molecular fragments, crystalline metal-organic materials, and variants of these materials with induced defects and disorder in their structure.
These tools can be used for screening of the candidate porous materials (both already synthesized and virtual) for a particular application. It is clear that these tools are complementary and should be used in conjunction with each other. For example, pore size distribution alone does not provide an insight on what type of molecules (in terms of their size and geometry) can permeate through the porous network. For this, the analysis of the porous space connectivity is required. Furthermore, as it has been already discussed, this analysis can be further extended to provide an insight not only on the geometric accessibility of the porous space along a particular pathway, but also on the interaction energy along this path. Ultimately, the free energy maps should provide the complete picture on the pathways available to the molecules inside the porous structure and on diffusion barriers they might experience along these pathways.
Several other important characteristics required for the screening of the porous materials have been left outside of the current analysis. In particular, the Henry’s constant and isosteric heat of adsorption provide a measure of the affinity of a porous material towards a particular adsorbate and characterize the strength of the adsorbent-adsorbate interactions. Computational approaches to the calculation of the Henry’s constant and isosteric heat of adsorption and the links between the simulated and experimentally measured properties have been discussed elsewhere [29]. Finally, the maximum amount of adsorbate a porous material can adsorb (i.e. the capacity of the material) is a function of the pore volume, for which again a simple Monte Carlo algorithm can be employed. These characteristics combined with the geometric morphology analysis presented here would provide a complete framework for the computational screening and design of porous materials for adsorption applications.
    
This work has made use of the resources provided by the Edinburgh Compute and Data Facility (ECDF). (http://www.ecdf.ed.ac.uk/ (​http:​/​​/​www.ecdf.ed.ac.uk​/​​)). The ECDF is partially supported by the eDIKT initiative (http://www.edikt.org.uk (​http:​/​​/​www.edikt.org.uk​)). Additional supplementary material file contains visualization of IRMOF-1, 10 and 16 systems, sample simulation input parameters and computer visualization of the percolated pathway accessible to a benzene molecule in IRMOF-1. 

References


[1]	J. Rouquerol, F. Rouquerol, and K.S.W. Sing, Absorption by Powders and Porous Solids, Academic Press, London, 1998.
[2]	E. Kierlik, P.A. Monson, M.L. Rosinberg, L. Sarkisov and G. Tarjus, Capillary condensation in disordered porous materials: Hysteresis versus equilibrium behavior, Physical Review Letters 87 (2001), pp. 055701-1 - 055701-4 .
[3]	R. Valiullin, S. Naumov, P. Galvosas, J. Karger, H.J. Woo, F. Porcheron and P. A. Monson Exploration of molecular dynamics during transient sorption of fluids in mesoporous materials, Nature 443 (2006), pp. 965-968.
[4]	L.D. Gelb, and K.E. Gubbins, Characterization of porous glasses: Simulation models, adsorption isotherms, and the Brunauer-Emmett-Teller analysis method, Langmuir 14 (1998), pp. 2097-2111.
[5]	L.D. Gelb, and K.E. Gubbins, Pore size distributions in porous glasses: A computer simulation study, Langmuir 15 (1999), pp. 305-308.
[6]	S. Figueroa-Gerstenmaier, J.B. Avalos, L.D. Gelb, K.E. Gubbins and L.F. Vega, Pore size distribution of porous glasses: A test of the independent pore model, Langmuir 19 (2003), pp. 8592-8604.
[7]	T. Duren, L. Sarkisov, O.M. Yaghi and R.Q. Snurr, Design of new materials for methane storage, Langmuir 20 (2004), pp. 2683-2689.
[8]	C. Herdes, and L. Sarkisov, Computer Simulation of Volatile Organic Compound Adsorption in Atomistic Models of Molecularly Imprinted Polymers, Langmuir 25 (2009), pp. 5352-5359.
[9]	D.D. Do, L.F. Herrera and H.D. Do, A new method to determine pore size and its volume distribution of porous solids having known atomistic configuration, Journal of Colloid and Interface Science 328 (2008), pp. 110-119.
[10]	D. D. Do, L. Herrera, C.Y. Fan, A. Wongkoblap and D. Nicholson, The role of accessibility in the characterization of porous solids and their adsorption properties, Adsorption 16 (2010), pp. 3-15.
[11]	K.S. Walton, and R.Q. Snurr, Applicability of the BET method for determining surface areas of microporous metal-organic frameworks, Journal of the American Chemical Society 129 (2007), pp. 8552-8556.
[12]	T. Duren, F. Millange, G. Ferey, K.S. Walton and R.Q. Snurr, Calculating geometric surface areas as a characterization tool for metal-organic frameworks, Journal of Physical Chemistry C 111 (2007), pp. 15350-15356.
[13]	J. Rouquerol, P. Llewellyn, and F. Rouquerol, Is the BET equation applicable to microporous adsorbents?, in Studies in Surface Science and Catalysis, 2007, pp. 49-56.
[14]	Y.S. Bae, A.O. Yazaydin and R.Q. Snurr, Evaluation of the BET Method for Determining Surface Areas of MOFs and Zeolites that Contain Ultra-Micropores, Langmuir 26 (2010), pp. 5475-5483.
[15]	H. Furukawa, N. Ko, Y.B. Go, N. Aratani, S.B. Choi, E. Choi, A.O. Yazaydin, R.Q. Snurr, M. O'Keeffe, J. Kim and O.M. Yaghi, Ultrahigh Porosity in Metal-Organic Frameworks, Science 329 (2010), pp. 424-428.
[16]	J.W. Essam, Phase transitions and critical phenomena, in Phase transitions and critical phenomena, C. Domb, and Green, M. S. ed., Academic Press, New York, 1972, pp. 197.
[17]	J. Hoshen, and R. Kopelman, Percolation and cluster distribution. 1.Cluster multiple labelling technique and critical concentration algorithm, Physical Review B 14 (1976), pp. 3438-3445.
[18]	E. Haldoupis, S. Nair and D. S. Sholl, Efficient Calculation of Diffusion Limitations in Metal Organic Framework Materials: A Tool for Identifying Materials for Kinetic Separations, Journal of the American Chemical Society 132 (2010), pp. 7528-7539.
[19]	E. Haldoupis, S. Nair and D. S. Sholl, Pore size analysis of >250 000 hypothetical zeolites, Physical Chemistry Chemical Physics 13 (2011), pp. 5053-5060.
[20]	S.L. Mayo, B.D. Olafson and W.A. Goddard, III, DREIDING: A generic force field for molecular simulations, Journal of Physical Chemistry 94 (1990), pp.8897-8909.
 [21]	J.L.C. Rowsell, and O.M. Yaghi, Metal-organic frameworks: a new class of porous materials, Microporous and Mesoporous Materials 73 (2004), pp. 3-14.
[22]	N.W. Ockwig, O. Delgado-Friedrichs, M. O'Keeffe and O.M. Yaghi, Reticular chemistry: Occurrence and taxonomy of nets and grammar for the design of frameworks, Accounts of Chemical Research 38 (2005), pp. 176-182.
[23]	S.T. Meek, J.A. Greathouse and M.D. Allendorf, Metal-Organic Frameworks: A Rapidly Growing Class of Versatile Nanoporous Materials, Advanced Materials 23 (2010), pp. 249-267.
[24]	H.K. Chae, D.Y. Siberio-Perez, J. Kim, Y. Go, M. Eddaoudi, A.J. Matzger, M. O'Keeffe and O.M. Yaghi, A route to high surface area, porosity and inclusion of large molecules in crystals, Nature 427 (2004), pp. 523-527.
[25]	M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O'Keeffe and O.M. Yaghi, Systematic design of pore size and functionality in isoreticular MOFs and their application in methane storage, Science 295 (2002), pp. 469-472.
[26]	J.K. Schnobrich, K. Koh, K.N. Sura and A.J. Matzger, A Framework for Predicting Surface Areas in Microporous Coordination Polymers, Langmuir 26 (2010), pp. 5808-5814.
[27]	K.K. Tanabe, and S.M. Cohen, Postsynthetic modification of metal-organic frameworks-a progress report, Chemical Society Reviews 40 (2010), pp. 498-519.
[28]	A.O. Yazaydin, A.I. Benin, S.A. Faheem, P. Jakubczak, J.J. Low, R.R. Willis and R.Q. Snurr, Enhanced CO2 Adsorption in Metal-Organic Frameworks via Occupation of Open-Metal Sites by Coordinated Water Molecules, Chemistry of Materials 21 (2009), pp. 1425-1430.
[29]	O. Talu, and A.L. Myers, Molecular simulation of adsorption: Gibbs dividing surface and comparison with experiment, Aiche Journal 47 (2001), pp. 1160-1168.





Table1. Collision diameters σ (Å) and van der Waals diameters (Å, in brackets) of the atoms constituting the metal-organic frameworks from the DREIDING forcefield [20] and nitrogen atom used as a probe in the accessible surface area calculations [14,15].

Atom type	σ, Å
C	3.48 (3.91)
O	3.034 (3.40)
Zn	4.05 (4.54)
H	2.85 (3.20)
N (probe)	3.31 (3.72)
 


Table 2. Absolute accessible surface area Aabs(Å2) and accessible surface area per gram of molecules A (m2/g) for the BTE and BBC organic linkers (excluding oxygen atoms of the carboxylic groups).

Molecule	Aabs (Å2)	A (m2/g)
BTE	1044	15302
BBC	1187	12617



Table 3. Crystal density ρcryst (g/cm3), accessible surface area A (m2/g), characteristic pore size distribution peaks P (Å) and maximum probe size Dmax (Å) summarized for several metal-organic frameworks. Accessible surface areas and the corresponding standard deviations of the mean are obtained from 10 independent runs with 500 trials per atom of the structure.
Materials	Linker	ρcryst (g/cm3)	A (m2/g)	P(Å)	Dmax (Å)
IRMOF-1	BDC	0.59	3342±10 (3390[7])	11.5, 15.0(10.9, 14.3[12])	7.25 - 7.50
IRMOF-10	BPDC	0.33	 4874±7 (4970[11]) 	17.0, 20.5(16.7, 20.2[12])	11.25-11.50
IRMOF-16	TPDC	0.21	6150±9 (6166[11]) 	24.0 (23.3[12])	14.5-14.75
MOF-180	BTE	0.25	6364±9  (6080[15])	14.0, 15.0	12.25-12.50
MOF-200	BBC	0.22	6098±6 (6400[15])	16.0, 17.0	14.75-15.00
MOF-210	BTE + BPDC	0.25	5699±5 (5850[15])	19.0, 27.0	xy: 11.25-11.50z:   10.75-11.00



Figure 1: A. Schematic depiction of the accessible surface, defined as the surface enclosing a region of the porous space accessible to the centre of the probe particle. Particles with patterns belong to the solid structure, the probe particle is shown in white, the accessible surface area is shown as the red line. B. Schematic depiction of the geometric pore. The pore which point a belongs to is the largest sphere (red circle in the figure) which encloses point a, without overlaps with the particles of the structure, shown as circles with patterns.

Figure 2: A. Schematic depiction of the structure connectivity analysis. The particles of the solid structure form a connected cluster percolated in one dimension on the left side of the figure, whereas a cluster of three particles on the right is not percolating. B. Schematic depiction of the pore space accessibility. Particles with the patterns belong to the solid structure. Grey squares correspond to the area in which the red probe particle can be located without overlaps with the particles of the solid structure. Grey squares in the middle of the figure form a percolated path, which the red probe particle can follow to cross from one side of the system to the other. 

Figure 3. Computer visualization of the BTE (on the left) and BBC (on the right) organic linkers (with the oxygen atoms of the carboxylic groups omitted) and test points located on the accessible surface of the linkers as probed by nitrogen atom (grey dots).

Figure 4. Geometric pore size distribution as a function of the pore diameter d(Å) for IRMOF-1 (black line), 10 (red line) and 16 (blue line), on the left panel of the figure. Geometric pore size distribution for MOF-180 (black line), 200 (red line) and 210 (blue line), on the right panel of the figure. 

Figure 5. Computer visualization of the MOF-180 structure and the percolated pathway accessible to a probe of 12.25 (Å) in diameter.

Figure 6: Accessible surface area A (m2/g) as a function of the percentage of linkers removed for IRMOF-1, 10 and 16 (on the left) and MOF-180,  200 and 210 (on the right). In the case of MOF-210 two types of linkers are removed in the same proportion. The red triangle corresponds to the accessible surface area of MOF-210 with all the BPDC linkers removed.  

Figure 7. Pore size distribution as a function of the pore diameter d(Å) for MOF-180 at various  percentages of linkers removed.
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